Laser-induced shock waves in condensed matter have important applications in dynamic material studies and high pressure physics. We briefly review some techniques in laser-induced shock waves, including direct laser drive, laser-launched flyer plate, quasi-isentropic loading, point and line imaging velocity interferometry, transient X-ray diffraction, spectroscopy and shock recovery, and their applications to study of equation of state, spallation, and phase transitions.
INTRODUCTION
Experimental investigations of material properties under extreme pressure and temperature conditions employ static [l] and dynamic [2] techniques, complementary to each other and each with their own advantages and disadvantages. The envelope of dynamic loading techniques has been expanding, ranging from conventional powder and gas gun, high explosives, pulsed-power discharge, to lasers.
The interaction of laser irradiation (or laser-induced X-ray radiation in a hohlraum) with matter may induce inertially confined high-pressure plasma and vapors. The pressure and reaction induce stress waves (e.g., shock wave) propagating into the sample -a versatile means of loading for the study of dynamic material properties [3, 4] . Research on material properties under extreme conditions utilizing laser -induced shock waves, though still developing, has demonstrated promise [5 -11] . Here, we briefly review some experimental aspects in our efforts along this line, including the Trident laser facility at Los Alamos National Laboratory, some laser-loading techniques (laser-launched flyer plate and direct laser drive), diagnostics, and examples of their applications. Our focus is on demonstrating the
suitability of laser shock experiments for acquiring useful data, rather than drawing specific scientific conclusions from the data.
LASER AND LASER-INDUCED SHOCK WAVES
Our laser shock wave experiments were mostly conducted at the Trident laser facility that includes a Nd:glass laser driver (fundamental wavelength 1054 nm), target chambers, and optical/X-ray diagnostics. The laser driver employs an Nd:YLF master oscillator and a chain of Nd:phosphate glass rod and disk amplifiers in conventional master oscillator, power amplifier (MOPA) architecture. The oscillator pulse is temporally shaped, amplified and focused on target. Three beams (A -C) are available at the same or different frequencies of 1054, 527 and 351 nm. Using a 13-element, intensity-variable pulse-stacker, the temporal shape, duration, and energy of laser pulses are adjustable for different experimental designs. Typical pulse shapes are triangular, Gaussian, square or stepped. The pulse durations can be varied from about 100 fs to 2 ms. Some illustrative loading pulses are shown in Figure 1 . The maximum pulse energy (time-integrated) is about 500 J for A or B beam (for 1 mm pulse of about 1 ms duration) and 50 J for C beam. The laser spot size (diameter) of the illuminated area on the target surface can be varied between 50 mm and 50 mm, and phase plates are often used to smooth long-wavelength spatial variations in the beam. Diameters of about 1.5 and 5 mm for the laser spot are routinely adopted in our experiments.
Inertially confined high-pressure plasma and vapors are produced by rapid deposition of laser energy into matter surface; the pressure and reaction to expansion induce shock waves or quasi-isentropic ramp waves in condensed matter in direct laser drive experiments, or used to launched flyer plate ( Fig. 2(a) and (b) ). To launch a flyer plate, a pulsed laser is focused through a transparent substrate (PMMA, LiF or sapphire) onto a thin multilayer that has been deposited on the substrate (Fig. 2(a) ). The multilayer is usually composed of a carbon layer to act as a working fluid and layers of aluminum and alumina to reduce lateral expansion of the plasma and heating of the flyer. A thin foil flyer plate, attached to the multilayer or substrate, has a diameter ranging from 1 to 8 mm and a thickness from about 5 mm to 1 mm. The laser pulse is absorbed in the carbon layer and creates a vapor or plasma that accelerates the flyer. The flyer acceleration is monitored with a point or lineimaging velocity interferometer system for any reflector (VISAR). The flight distance should be sufficient for achieving terminal velocity. For example, the Cu flyer ( Fig. 3 ) barely reached its maximum speed before impact, although the effect of residual pressure behind the flyer was negligible. State parameters such as pressure (P) and density (r) upon laser shock wave loading can be determined from flyer velocity (u fp ), shock velocity (U s ), or particle velocity (u p ), as well as equations of state of the flyer, target or window materials, just as in gas-gun experiments. For example, both U s and u p can be measured using stepped or wedged samples under wellcharacterized conditions. If insufficient measurements are available in direct laser drive, we can deduce the pressure in the ablator from an empirical pressure -irradiance relationship [4, 10, 12] : 
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where P is in GPa and irradiance I in pW/m 2 . a and b are material dependent. For most elements, b is 2/3 over a limited range of I from radiation hydrodynamics simulations and experiments. For Al, we adopted a of 5.58 and b of 0.77 [10] from fitting to radiation hydrodynamics calculations. The pressure in the sample can then be deduced by considering impedance mismatch.
The planarity of shock waves induced by lasers (as is the case for any shock wave generators) is critical for accurate determination of shock states using simple Rankine-Hugoniot jump conditions [2] . Besides sufficiently large ratio of laser-spot size to sample thickness, shock planarity also requires that the incident laser beam be spatially uniform. The planarity of loading is best demonstrated by temporally-and spatially-resolved measurement such as reflectivity and line-imaging VISAR measurement. The degree of non-planarity (bowing) of laser-launched flyer plate is typically 3 -10 mrad. For example, reflectivity measurement on an A1 sample impacted by an A1 flyer plate demonstrate negligible bowing (2 mrad, Fig. 4(a) ). The shock planarity can also be estimated from shock break-out in line-VISAR measurements (e.g., Fig. 4 (b) for direct laser drive on a side-by-side NiAl assembly). The non-planarity of shock waves induced by direct laser drive is typically 10 -60 mrad. The planarity and flyer plate integrity can be preserved to high velocity (e.g., u fp 7 km/s or higher) in laser-launched flyer plate experiments. For direct-drive loading, the limit FIGURE 4 (a) Spatially-and temporally-resolved reflectivity measurement on Al sample (4 mm thick) impacted by a laser-launched Al flyer-plate (2 mm thick) (#16831) before and after the impact (red dotted line) [13] . The velocity of the flyer at impact was about 330 m/s. (b) Line-VISAR record for direct laser drive on a side-byside NiAl assembly (#15405): fringe displacement (corresponding to particle velocity) history at the back surface of NiAl crystals: (1 0 0) and (1 1 0) that were the same thickness. Shock break-out instants (arrows) indicate anisotropy in shock velocity of NiAl single crystal. One complete fringe displacement represents velocity of 800 m/s [11] .
imposed by the integrity of flyer plate is absent, and planarity can be achieved in principle to much higher pressures. Besides, the flyer velocity is also limited by the breakdown energy of laser for the substrate. We often use approximately nanosecond pulses for ablation in direct drive experiments where sample thickness is about tens of mm if we want to see a non-decaying shock (not always the case). Then, the diameter -thickness ratio is typically huge; so, edge effects do not matter for many reverberation periods. We also intentionally limit our measurements to region on the sample where shock planarity is satisfactory. Another issue related is preheating of flyer plate and sample caused by fast electrons and X-rays from laser -matter interactions. Previous studies have shown that preheating effect is negligible, up to at least 1 Mbar [10] .
The flexibility of adjusting laser pulses allows both quasi-isentropic (ramp wave) and shock wave loading for probing different thermodynamic spaces. An isentrope can be obtained in a single ramp wave loading, whereas only one Hugoniot point is obtained from a shock wave experiment. For example, a ramp pulse (similar to pulse d in Fig. 1 ) illuminated two side-by-side Fe foils of different thickness (respectively, 27 and 37 mm; setup similar to Fig. 2(b) ), yielding two ramp stress waves (traces a and b, Fig. 5 ). The ramp duration in these two ramp stress waves is about 2.5 ns, comparable to that in the loading pulse. Because of the thickness difference between these two foils, the ramp wave was observed only for the thinner foil (a in Fig. 5 ), whereas a shock seems to have developed from the ramp wave in the thicker foil (b in Fig. 5 ). In contrast, a shock was formed within about 0.5 ns when a pulse similar to b in Figure 1 was shone on an Fe foil (22 mm), and the sustained shock lasted about 1.5 ns (c in Fig. 5 ). Ramp laser-pulse loading is a convenient way to study equation of state, complementing shock-wave loading.
A shock wave can be induced by lasers via direct drive, indirect hohlraum drive as well [6] , or laser-launched flyer plate, broadening the range of states and spatial/temporal scales for studying mechanical properties such as plasticity and spallation, high-pressure physics and chemistry. The strain rates in laser shock waves vary from about 10 6 to 10 9 s 21 . Shock durations, ranging from less than 100 ps to more than 100 ns, permit the evaluation of a wide range of materials on a microscale to a mesoscale (sub-grain size, single crystal to pseudo-bulk). In laser shock experiments, the instant at which pressure is FIGURE 5 Free surface velocity history for direct laser-drive on iron: a ramp pulse on foils with thickness of 27 mm (a) and 37 mm (b), respectively. (Trident #15413, laser l of 527 nm, energy of 32 J, and target assembled as side-by-side.) For comparison, Fe-foil (22 mm) driven by a different pulse yielded a shock wave (c, time origin was shifted; Trident #15395, laser l of 527 nm, energy of 155 J, laser spot size of about 5 mm) [13] .
LASER-INDUCED SHOCK WAVESgenerated is well defined by the arrival of laser pulse; thus, it is straightforward to synchronize shocks with a wide variety of optical, X-ray, and electronic diagnostics. By altering the laser energy and focal spot on the sample, the pressure induced by direct drive can be varied in a controllable way from less than about 1 GPa to at least 1 TPa with a shock duration of less than 100 ns. Laser-launched flyer plates can generate shocks with pressure up to several megabars and duration ranging from less than 1 ns to more than 100 ns, bridging the gap between direct laser drive and gas gun loading where pressure is limited to about 2 Mbar and shock duration longer than 100 ns. Unlike the more conventional gas gun and highexplosive methods, as well as pulsed-power discharge such as a Z-pinch facility, there is less stray energy or momentum for laser-induced shocks around the experiment from the sabot, detonation products, and so on. This makes it easier to recover and interpret the microstructure of the shocked sample.
DIAGNOSTICS AND APPLICATIONS Velocity Interferometry
The VISAR is widely used in dynamic experiments for measuring particle velocity [14 -17] . A probe laser (660 nm for line-VISAR and 532 nm for point VISAR, in our experiments) is reflected from the moving surface of a shocked sample, and its frequency is shifted due to the Doppler effect. The frequency-shifted laser beam enters an interferometer that produces temporally-resolved (and spatially-resolved for line-VISAR) fringe displacements. Point and line VISAR signals are recorded by photomultipliers and electronic streak cameras, respectively. Examples of fringe patterns and velocity histories reduced from them for these two types of VISAR are shown in Figures 3-5 . Line-VISAR signals not only have high temporal resolutions (100 ps order), but also measure the planarity of flyer plates and shock waves. Line-VISAR fringes also allow the shock wave velocity to be determined from the shock break-out, if stepped or wedged samples are used (similar to Fig. 2(b) ). If different samples of the same thickness are used in a side-by-side target assembly, the difference in shock wave velocity for these two samples can be investigated. For example, the two NiAl single crystals with the same thicknesses but different orientations were subjected to direct laser drive. The shock break-out occurred at distinct instants, indicating the anisotropy of shock wave velocity in single-crystal NiAl (Fig. 4(b) ). The EOS can be deduced from measured U s or u p , as well as u fp , for flyer plate.
In laser-launched flyer-plate loading [9, 18] , u fp and u p at the flyer-window interface during impact can be measured from a single shot (Fig. 3) . As the windows are standard materials with known EOS, the shock state can be deduced from u fp and u p via the impedance mismatch technique. We use copper as a test material for validation of EOS measurement using laser-launched flyer-plate loading and for investigation of spallation at different strain rates, both readily compared to gas or powder gun data. We found that the U s -u p pairs from laser-flyer-plate experiments were in excellent agreement with the gun data (Fig. 6 ). Although our experiments were intentionally focused on the low pressure end, we expect that with smaller flyer plate and higher irradiance, much higher pressure (mega bar order) can be achieved with accuracy comparable with gas-gun data.
Spallation of metals, ceramics, and other solids are of considerable interest for their engineering applications and for understanding the physics and mechanics of spallation itself [18, 21 -25] . Spallation occurs when the tensile stress exceeds the spall strength of a material for a given strain rate. In our experiments, the flyer and target are usually the same materials, and the ratio of their thicknesses is about 1 : 2. Thus, spallation occurs near the mid-plane of the target. The tensile stress is induced by two colliding release waves (from the free surfaces of the sample and flyer plate). The strain rates (_ 1) achievable in traditional gas gun and Hopkinson bar loading can barely exceed 10 6 s
21
. The strain rates achievable in laser-flyer-plate experiments overlap with gas gun and can reach much higher values (10 5 -10 9 s 21 ). For the same material, different (_ 1) can be achieved by varying the thickness of target and flyer. A thinner target will have higher pressure-gradient at its mid-plane than a thicker one if impacted at the same velocity. As the pressure-gradient relates directly to strain rate, we expect that thinner flyer-target assemblies will produce higher strain rate at given impact velocity or shock pressure. Spallation can be conveniently investigated from the free surface velocity history of a shocked sample -a representative profile for high purity tin ( Fig. 7(a) ) shows the shock, release, spallation, and pull-back. 
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The strain rate (_ 1) upon release within the acoustic approximation [22] is
where C 0 is the bulk sound speed at ambient conditions and u is the free surface velocity. Subscripts A and B are referred in Figure 7 (a). For example, for Trident flyer-plate shot #16062 on high-purity tin with C 0 ¼ 2.747 km/s [20] (Fig. 7(a) ), we have _ 1 % 2.6 Â 10 5 s
2l
. The spall strength s sp within the acoustic approximation is
where r 0 is ambient density. In the case of tin (#16062), r 0 ¼ 7.31 g/cm 3 , and s sp % 0.8 GPa at _ 1 % 2.6 Â 10 5 s 21 (depending on the models adopted, a correction term to s sp may be necessary for Eq. (3) [25] ).
Experiments similar to tin were conducted using laser-launched flyer plate on oxygen-free high-conductivity (OFHC) copper and Hitachi copper (some of these experiments were conducted on a smaller laser system at Los Alamos). The spall strength as a function of strain rate from laser experiments was compared to gas -gun experiments on the same materials ( Fig. 7(b) ). For OFHC-type Cu, both the low strain-rate gas gun data and the high strainrate laser flyer-plate data can be described by a single power law: s sp / _ 1 n , where n % 0.2 the same as given by Antoun et al. [25] . Because of its higher purity, the Hitachi copper demonstrates slightly higher s sp than OFHC copper (Fig. 7) .
Spallation also occurs upon direct laser drive -the spallation mechanism for some loading pulses is similar to that upon flyer plate loading. For decaying pulse loading (pulse a in Fig. l) , spallation can be caused by the interaction of the release wave from sample free surface with the tail of loading stress wave [22] . Investigations on spallation by direct laser drive with _ 1 10 8 s 21 or higher have been reported [24] .
Transient X-ray Diffraction
Transient X-ray diffraction (TXD), i.e., time-resolved X-ray diffraction from the shocked lattice, has great potential for investigating solid -solid and solid -liquid phase transitions and elastic -plastic behavior of shock loaded samples [12, 27 -35, 38] . In earlier powderor gas-gun shock wave experiments, Zavada et al. [27] and Johnson and Mitchell [28] reported real-time X-ray diffraction during shock compression. Rigg and Gupta [33] reported quantitative elastic -plastic behavior of shocked LiF using a similar technique where the real-time diffraction pattern was time-integrated over the pulse duration of the X-ray source. Similar experiments have been conducted at nanosecond-scale using laser shocks. TXD results have been reported on single-crystal and polycrystalline solids (e.g., InSb, Ge, Si, Cu, and Be) subjected to laser-induced shock waves [31, 32, 35 -37] .
The setup for TXD simultaneously with VISAR at Trident is shown in Figure 8 [29] . The X-rays are generated by focusing a second laser beam at high energy and 527 nm (green) tightly (about 100 mm spot) onto a metallic foil (e.g., Mg, Ti, and Mn) in a gold cone. The resulting hot plasma emits helium-a X-rays with certain characteristic wavelengths for each element and can be used for diffraction. The TXD patterns can be recorded by X-ray streak cameras (denoted as Laue and Bragg, Fig. 8 ). Time-integrated diffraction signals can also be recorded using film or image plate. Meanwhile, the VISAR fringe displacements supply particle velocity history (e.g., Figs. 3 -5) for deducing shock states. The change of lattice spacing (Dd) induced by shock compression gives rise to a change in Bragg angle u with respect to unshocked lattice, and they are related as
Note that to relate Dd/d to volume changes from EOS, knowledge of the nature of compression (uniaxial or hydrostatic) is necessary [33] . This can be obtained by simultaneous diffraction measurements at multiple places at Trident.
As an example, Figure 9 shows TXD patterns recorded by the Bragg camera from a silicon single crystal subjected to direct laser drive along [0 0 1] direction [35] . The recorded signal is the integral of diffraction from the lattices along the X-ray penetration depth in the sample, thus containing signals of both shocked and unshocked lattices. In Figure 9 , portions a and b represent diffraction from unshocked lattice, c from shocked lattice, and d from relaxation of shocked lattice. At higher pressures (e.g., 20 GPa), splitting of Bragg line indicates possible solid -solid phase transition from the diamond to body-centered tetragonal (bct) structure. Our preliminary TXD measurements on gallium indicated melting transition upon direct laser drive [38] .
Besides phase transitions, the current TXD setup has been used to study elastic -plastic behavior [31] . Such experiments on single crystal Si and Cu revealed distinct behavior: for Si (4 0 0), the compression was uniaxial even when the lattice spacing was reduced by 11%, whereas shocked Cu demonstrated prompt hydrostatic-like compression. This difference was related to the dislocation mobilities for Si and Cu [31] . Another interesting issue similar to LiF, i.e., the anisotropy of elastic -plastic behavior [33] , can also be investigated through our TXD studies. unshocked (a and b) lattices were recorded. Portion e was formed from direct X-ray shining through the slit in the streak camera and portion d from relaxed lattice upon release of pressure [35] .
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Spectroscopy
We broadly include ellipsometry, Raman, and shock temperature measurement in spectroscopic techniques. Optical properties, such as polarization and emissivity (both can be related to the complex refractive index [39] ), and vibrational spectra depend on crystal structure and thermodynamic states. All these techniques have been adopted in the study of dynamic material properties [40 -45] . For example, time-resolved Raman measurements were conducted on shocked a-quartz to 6 GPa using a powder gun and on molecular solids from laser shocks [41] . Temperatures and emissivities of gas-gun loaded translucent materials were determined from time-resolved radiation recorded by a multichannel pyrometer [45] . Reflectivity and optical brightness of laser-shocked silicon were reported under extreme compression (4 -8 Mbar) [44] .
These spectroscopic techniques attempted to investigate the shock behavior of opaque materials under laser-induced shocks at Trident. The inherent technical difficulties in spectroscopic measurements on these materials limit our measurements to the free surface of a sample or to the sample -window interface; so, the measurements represent (partially) released or reshocked states. As an example, we attempted to resolve solid -solid and solid -liquid transitions from the time-resolved ellipsometry measurements on Si and Sn upon direct laser drive. A depolarized laser beam was reflected from the sample surface at a glancing angle, through a release window. The intensity of S and P polarized light in the reflected signal was recorded using a streak camera, containing information on the optical properties of shocked samples. Their dramatic changes at certain pressures are reasonable indicators of phase transitions. As shown in Figure 10 , the distinct behaviors of S and P polarizations at two different pressures may indicate that the diamond to bct transition in Si has occurred. Similarly, the distinct behaviors of both S and P polarizations reflected from the tin -LiF interface at about 8 and 28 GPa may indicate the melting of tin. We use only ellipsometry as a complement to other techniques in studying phase changes, and caution should be taken, as some factors other than phase changes may also affect the ellipsometry measurements.
Recovery
Lasers deliver energy with negligible momentum, which is advantageous for shock recovery. For laser-launched flyer-plates, recovery of (spalled) samples is possible even at strain rates as high as 10 8 s 21 . Recovered samples are then post-examined with various analytical FIGURE 10 Ellipsometry signals recorded at the interface of Si (1 0 0) and window [37] : (a) below diamond-bct transition (Trident #14968, P 9 GPa) and (b) around diamond-bct transition (Trident #14969, P 14-17 GPa). techniques to investigate the physical, mechanical, and chemical effects of loading, including metallography [46] and Raman [47] , X-ray, and neutron scattering. Although laser shock recovery has been extensively conducted at Trident (e.g., on Al, Cu, Ti, Si, NiTi, NiAl, SiO 2 , MgB 2 , and C), here we only discuss silica and carbon. Silica and carbon are wellstudied prototype materials rich in polymorphs and phase-transition physics including kinetics caused by the extremely high heating and compression rates accessible to laser experiments. In silica and carbon recovery experiments with direct laser drive, we used Al foil as an ablator and an LiF window. In principle, shock states can be determined from VISAR measurements as discussed earlier. In the preliminary experiments reported here, VISAR signal levels were poor due to the poor reflectivity from these diffuse samples. Instead, we deduced the supported pressure in the Al ablator using Eq. (1) and determined the shock states from the EOS of Al and sample by taking into account the impedance match. In the case of mixture, the EOS (hence the Hugoniot) was obtained from the complete EOS of each component.
Single-crystal a-quartz was subjected to laser loading with a 12.5 mm Al ablator (Trident #16466). The 527 nm laser passing through a Fresnel zone plate formed a spot of 1.5 mm in diameter on the ablator. The laser pulse had a 2.4 ns duration and an energy of 123 J. The sustained pressure in the shocked quartz was about 54 GPa, close to previous powder-gun recovery experiments on quartz and coesite [48] . The recovered sample was examined with Raman spectroscopy. Although the examined portion was predominantly quartz, we observed changes in the Raman spectrum, indicating structural disorder characteristic of the onset of a coordination change in silica. Similar effects on the Raman spectrum of quartz had been found in recent laser shock experiments [47] which also indicate the transformation of quartz into a transitional phase observed in powder-gun experiments [48] . We plan to conduct micro-Laue diffraction on laser-shocked quartz crystallites in order to acquire detailed information on intermediate structures, as well as the transformation path from four-to six-fold coordinated silica.
Laser shock recovery experiments were conducted on binary mixtures of metals (Cu and Ti) and graphite (or C 60 ) at the Trident laser facility. Pellets of sample materials (0.5 mm thick), sandwiched between an LiF window and an Al ablator (12.5 mm thick), were subjected to shock wave loading from the ablator irradiated by a laser pulse of 2.4 ns duration and 527 nm wavelength (Fig. 11) . The laser-spot size illuminating the ablator was about 5 mm. The recovered samples were examined by synchrotron X-ray diffraction and Raman scattering. Although shock experiments on carbon phases usually yield mixtures of poorly crystallized allotropes, we found several well crystallized phases in the samples recovered from laser-shock experiments. Monochromatic synchrotron radiation was FIGURE 11 Recovery experiment on graphite-Cu mixture (Trident #16726). The diameter of the window is about 14 mm: (a) front side (laser ablator); (b) back side (LiF window).
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focused on the sample (beam diameter of 100 mm), and diffracted X-rays were collected with an image-plate detector. Here, we show as an example the pattern of a graphite -copper mixture after shocking (shot #16726, laser energy 185 J, and pressure about 15 GPa). The close match between observed and calculated Bragg angles (Fig. 12) indicates the production of well-crystallized C 60 -fullerite, and no residual graphite is observed. Intensities and splitting of the Bragg peaks at low angles are consistent with a pseudo-hexagonal twodimensional (2D) polymeric fullerite. There are distinct differences compared with the 2D hexagonal fullerite retrieved from static compression experiments. Smaller portions of the sample indicate orthorhombic 1D fullerite. The narrow peak width and high intensity of the Bragg peaks indicate a surprisingly high degree of crystalline order. The laser-shocked Ti -graphite mixture (shot #16765, laser energy 204 J, and pressure about 14 GPa) yielded carbon structures possibly with three-fold coordinated C-atoms, similar to the prediction by O'Keeffe et al. [49] .
CONCLUSION
We have reviewed some techniques of laser-induced shock waves including direct laser drive and laser-launched flyer plates, with optical and X-ray diagnostics, and their applications in the study of high-pressure physics and dynamic material properties. The developing laserinduced shock wave techniques have great potential in the research of dynamic material properties as a complement to conventional shock wave techniques.
